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Introduction
Triacylglycerols (TAGs) are among the most abundant lipids in the human body, located primarily within adipose. TAGs are also found in plants and are concentrated in seeds as a source of energy during embryonic development. It is from these various seeds that a majority of edible oils are derived. The physiological role of TAGs is to serve as a reserve of fatty acids for energy generation via beta-oxidation. However, these same stored fatty acids may also serve as precursors-either directly or indirectly-to bioactive oxidized metabolites such as eicosanoids that play a key role in mediating the cell-signaling pathways that control inflammation (1) . High levels of TAG in plasma have been implicated in a host of pathophysiologies, including arteriosclerosis, non-alcoholic fatty liver disease (NASH), and metabolic syndrome (2) .
Understanding the exact roles of individual TAG molecules in these diseases is not clear, due mainly to the difficulty in characterizing these TAGs at the molecular level. For example, while current mass spectrometry technology can account for the total number of carbon atoms in a TAG, as well as the approximate acyl chain composition(3), other critical information such as the exact regioisomerism of fatty acids along the glycerol backbone, the position(s) of the acyl chain double bonds, the stereochemistry of the double bonds, etc., cannot currently be obtained using conventional bioanalytical techniques. For example, a common method of TAG analysis is the chromatographic detection of free fatty acids (FFA) or their derived methyl or ethyl esters, which are obtained by hydrolysis from TAGs (4) . Although convenient, this method does not allow for consideration of the structural aspects of the intact TAG molecular species (i.e., regioisomeric structural information). This information is critical to understand the dynamic functions of TAGs, their digestion and their metabolism. A conventional TAG characterization method in mass spectrometry is based on low-energy(5-6) or high-energy collision induced 3 dissociation (CID) (7) (8) . These methods provide TAG structural information, including acyl chain lengths and double bond number; however the double bond positions, and the acyl chain regioisomeric arrangement are not easily defined due to the limited information derived from the resultant fragments. High performance liquid chromatography (HPLC) has also been used to resolve regioisomers of TAGs (9) , but it requires long analyses times, authentic standards as references and extensive method development, potentially making this method unattractive to a high-throughput lab. A recent study of TAG regioisomers was reported using differential mobility spectrometry (DMS) without HPLC (10) . Despite advances in the goal to characterize lipid molecular species, including using ozone-induced dissociation (OzID) (11) (12) or a Paternò-Büchi reaction (13) (14) to determine double bond positions, an efficient method to characterize lipid structural details has been lacking. Recently, a study using OzID found that TAG molecular species containing C18:1, n-7 vs C18:1, n-9 correlated with clinical variables of dyslipidemia and are pro-inflammatory (15) . These results highlight the need for a method to fully characterize TAG molecular species in order to relate TAG structural details with human disease.
In order to acquire more in-depth structural information for lipids, we recently developed a near-complete structural analysis using electron-induced dissociation (EID) (16) or electron impact excitation of ions from organics (EIEIO) (17) for phosphatidylcholines (PCs) (18) and sphingomyelins (19) . Singly protonated precursor lipid ions generated by an electrospray ionization source (ESI) were introduced into a branched ion trap (20) wherein they were reacted with a 10-eV electron beam. This produced information rich fragment ions that revealed lipid class, respective acyl chain lengths the number and locations of double bonds in the fatty acid chains, and regioisomer specificity. Here, we applied EIEIO to reveal key structural details, at the molecular species level of TAGs. We identified and developed an optimized analytical 4 strategy in conjunction with diagnostic rules to analyze TAGs by EIEIO. This resulted in the complete characterization of the TAG lipidome in undefined TAG mixtures without the need for authentic standards.
Methods
Materials
TAGs were analyzed from solutions prepared using a mixture of HPLC-grade dichloromethane (DCM): methanol (MeOH) (50/50, v/v) with 0.2 mM sodium acetate or 10 mM ammonium acetate. These solvents were purchased from Caledon Laboratory Chemicals (Georgetown, Ontario), while the salts were purchased from Sigma-Aldrich Canada Co. (Oakville, Ontario).
Synthesized TAG standards, including TAG16:1/18:1(n-9Z)/16:1 (POP) and TAG16:1/16:1/18:1(n-9Z) (PPO), were obtained from Larodan Fine Chemicals AB (Malmo, Sweden). Another group of TAG isomers differing only in their carbon-carbon double bond positions, TAG18:1(n-12Z)/18:1(n-9Z)/18:1(n-12Z), was obtained from Avanti Polar Lipids, Inc.
(Alabaster, Alabama). Lastly, TAG standards containing polyunsaturated acyl chains, including tridocosahexaenoyl glycerol (TAG(22:6(n-3Z,n-6Z,n-9Z,n-12Z,n-15Z,n-18Z), or DHA-TAG), tri α-linolenoyl glycerol (TAG(18:3(n-3Z,-n6Z,n-9Z), or ALA-TAG) and tri γ-linolenoyl glycerol (TAG(18:3(n-6Z,n-9Z,n-12Z), or GLA-TAG) were purchased from Nu-Chek Prep, Inc. (Elysian, Minnesota). All of the TAG standards were used without further purification. The working 6 purification process was repeated to each residue. The amount of the extracted oil was determined from the increase of the mass of each vial with the evaporated residue compared to the empty vials. The washed residue was suspended in chloroform as stock. These stocks were diluted in the standard working solvent with concentration of 100 µg/mL.
Instrumentation
We used time-of-flight (TOF) mass spectrometer system equipped an electron-ion reaction device (ExD cell) (20) for this work, which was the same instrument as in our previous report on sphingomyelin analysis (19) .
The detail of ionization method on lipid analysis using a Turbo V TM ion source (Sciex) was described previously (18) . Infused flow rate of working solution in this work was 0.3 mL/h, and ESI voltage was +5500V. The detail of DMS (SelexION ® Technology, Sciex) for lipid application was described before (19, 22) . Separation voltage (SV) of 3900 V peak-to-peak, modifier gas of 2-propanol, DMS temperature of 200 ºC were continuously applied. Counter nitrogen gas flow for resolution enhancement (DR) (0-40 psi) and compensation voltage (CoV)
were optimized for each measurement.
The previously reported ExD device (20) was used in EIEIO condition, i.e., electron kinetic energy (Ke) at 10 eV, typically. Quasi flow through mode or simultaneous electron ion injection mode (20) for 150 ms reaction time was used in this work as the optimized product yield condition (19) . We used helium as cooling gas in the ExD and the Q2 collision cell. The TOF mass analyzers were operated in high sensitivity mode (23 Figure S1 ). Hence, sodiated TAG ions were employed throughout the remainder of this EIEIO study.
When subjected to EIEIO, sodiated TAGs undergo dual acyl chain loss (fragments appear between m/z 300-350) and single acyl chain loss (fragments appear between m/z 500-650) as major product ion channels. Also appearing in the EIEIO mass spectrum -in the m/z region between the intact TAG precursor ion and the single acyl chain loss product ion -one can find a complete series of acyl chain fragments. Similar to our previous studies (18) (19) , each carboncarbon single bond cleavage in the acyl chains was represented by two ions: an even-electron (non-radical) product ion and its matched radical ion pair (bearing one fewer hydrogen atom than its partner). The relative intensities of these diagnostic peaks were typically ~1% for the dual and single chain loss fragments and ~0.1 % for the acyl chain fragments compared to the residual precursor TAG ions (base peak, 100%, Figure 1 a-c). Overall, the EIEIO dissociation efficiency for TAGs was comparable to our previous PC and SM experiments when using the simultaneous ion-electron injection mode and a reaction time of 150 ms (19) .
Characterizing TAG structures using EIEIO: From brutto level to regioisomeric specificity.
The EIEIO spectra of TAGs contain various levels of information that can be employed to characterize their structures. Beginning with the intact m/z of the sodiated TAG, we can obtain a brutto level assessment of the lipid (e.g., TAG (50:1) is the TAG investigated in Figure 1a by virtue of its observed intact m/z). Beyond this base level of characterization, we could also 9 perform CID on these TAGs to reveal rudimentary and approximate knowledge about the acyl chain regioisomerism and unsaturation; such assessments are available to many other conventional MS-based analyses. However, EIEIO provides much more structural information for TAGs than do these methods, beginning with regioisomeric assignment of acyl chains.
The structural characterization of TAGs by EIEIO begins by surveying the spectrum in the dual acyl chain loss region (m/z 250-400); it is here that the most information is contained on acyl group chain length, the number of double bonds, and acyl chain regioisomerism. Conversely, the single acyl chain loss region contains fewer characteristic peaks and is generally of lesser utility. Using the spectra in Figure 1 More importantly, these singlet and doublet peaks are consistent for given acyl chain lengths and are independent of the TAGs from which they originate. This allows us to predict the m/z values for any acyl chain's singlet and doublet peaks for use as diagnostic fragment ions (Table 1, Supplemental Table S11 ).
Interestingly, the peak intensity ratio between the singlet peak and the doublet peaks also represents the number of specific acyl groups in a TAG molecule. For example, Figure 1 such that the intensities of the doublet peaks were twice that of the singlet peak. These intensity ratios are ultimately used in the deconvolution of regioisomer constituent calculations (vide infra).
Characterizing TAG structures using EIEIO: Identifying double bond locations
As stated previously, obtaining information on the number of carbon-carbon double bonds present in constituent TAG acyl chains is somewhat facile using MS-based methods. Generally, after a TAG ion is fragmented using conventional CID, acyl chain fragment losses can be detected and the degree of total unsaturation within those acyl chains can be estimated (6) .
However, the identification of the specific locations of these carbon-carbon double bonds is much more difficult, requiring the use of ion/molecule reactions (11) (12) (13) (14) . With EIEIO, we are able to perform this identification in TAG molecules much the same as we previously reported for PCs (18) are the non-zero intensities for the green (4H) plot at the n-6 position. We also observed this pattern during the EIEIO analysis of salmon fish oil extract that contained omega-3 polyunsaturated TAGs (vide infra). Interestingly, such exceptional behavior was not observed if the acyl groups were not omega-3 (Figure 3 (a) ). One possible mechanism to explain this exception is preference to construct a stable ring molecule with six carbons and two double bonds, i.e., 1, 4-Cyclohexadiene from a radical precursor that lost a hydrogen at the omega (Figure 4(a) ), a transition appears in the black (0) to red (2H) profiles at the n-9 position. In Figure 4 (b), two black (0) to red (2H) transitions occur at the n-9 and n-12 positions, with the V-shaped pattern intensity greater at the n-12 position than at n-9 (see the red line). This observation is consistent with TAG 18:1(n-12Z)/18:1(n-9Z)/18:1(n-12Z), which contains an acyl chain with a double bond at n-9 and two acyl chains with a double bond at n-12.
For TAGs composed of acyl chains bearing conjugated double bonds (CLA-TAG) (Figure 4 (c), Supplemental Figure S4 ), the EIEIO fragmentation provided unique insights upon comparing the 0H (black) and 4H (green) plots. Here, we observe three acyl chain positions (n-7 through n-9) as having zero intensity values for both 0H and 4H plots, and also for the 2H (red) 14 plot. The zero intensity for the 2H plot is consistent with the fact that the π electrons of conjugated double bonds interact and therefore behave differently than pure single or isolated (non-conjugated) double bonds.
natural sample analysis strategy by DMS and EIEIO
While the EIEIO analysis of standard TAG samples was initially promising, we understood that more complex samples (i.e., extracts from natural sources) would present a much greater challenge. For instance, we realized that some form of separation would be required to minimize the overlap of targeted TAGs from interfering isobaric species -other molecules having the C contribution at m/z 1000). While this contribution is only ~20% of the monoisotopic base peak of the interfering TAG, if it is present in a very large excess compared to the targeted TAG, convolution of two TAG EIEIO spectra will occur. Hence, we employed differential mobility spectrometry (DMS) (22, (24) (25) to separate analyte TAGs from species such as interfering isotopomers, oxidized TAGs, and other unknown isobaric interferences. Such efforts reduce complexity of the EIEIO spectra and increase the confidence of the deconvolution process for separating contributions from multiple species with similar molecular structures. quadrupole (~1 m/z unit), all three species would be selected for EIEIO, producing a convoluted data set. To remove the interferences, we increased the resolving gas to 30 psi and re-tuned the CoV to +5.9V to reduce the intensity of the interferences dramatically.
Deconvolution of mixed populations of TAG regioisomers using EIEIO
In the demonstration of EIEIO using standard synthesized samples (vide supra, Figures 1-4) , the TAG molecule's structures were successfully analyzed and provided information on brutto level, the acyl chains present, the number and locations of carbon-carbon double bonds, and the acyl chains' regioisomerism. However, natural lipid samples will have a high probability of containing regioisomers or double bond isomers for a given m/z value of an ionized TAG molecule. These isomers are incredibly difficult to separate using DMS (or any other analytical separation technique), and so, we have implemented some strategies to deconvolute the EIEIO spectral data to simplify the identification.
First, we identified all of the diagnostic singlets and doublets (vide supra) appearing in an EIEIO spectrum and used them to reconstruct the TAG precursor mass to obtain a brutto level identification. We also employed the diagnostic peak's intensities to assist in the narrowing of the identification of the unknown TAG candidates using the following relationship:
[
diagnostic peak intensities] = [assignment matrix of diagnostic peak] x [intensity of TAGs]
One simple example of this preliminary process is shown in Figure 6 , which displays the EIEIO spectrum of potential TAG precursors of m/z 905.758. Here, we observed two singlets and two doublets, which required the high-resolution measurement capability of the ToF mass spectrometer to separate the nearly overlapped peaks at m/z 345.2. Based upon these data, we The coefficients: 0.754, 1.000 and 0.529 represent nominal production ratios for the singlet, doublet (CH 2 type) and doublet (O type), respectively. These equations can be solved using the least mean square method that is obtained by minimizing S in the following expression:
The TAG species identified using this process and their normalized intensities [%] are listed in Table 2 and Supplemental Figure S8 .
Deconvolution of multiple double bond locations on multiple acyl chains
In addition to the complexity that stems from analyzing mixtures of TAG regioisomers, we are also presented with TAGs that are isomeric only in the positioning of the double bond(s) along their constituent acyl chains. Here, we also employed a deconvolution strategy based upon the presence of the characteristic "V" shape pattern among the EIEIO fragment ions, using the a similar intensity-based, least mean square fitting strategy as the regioisomer deconvolution analysis.
While the locations of double bonds can be at almost any location along a TAG's constituent acyl chains, we made the assumption that the double bond locations were consistent to common fatty acid structures in biological samples. For example, we set rules for possible acyl chains in our TAG analyses as follows: (1) saturated acyl chains could be of any length, (2) omega-3 acyl chains contained three or more double bonds, (3) omega-6 acyl chains contained two or more double bonds, and (4) omega-5, -7, -9, -12, and -15 acyl chains contained only a single double bond. We also assumed a two C-C single bond spacing between two double bonds.
We also included both even and odd number of carbons in the possible TAGs acyl chains.
Ultimately, while we can deconvolute regioisomeric mixtures of TAGs, our methodis presently to assign double bond locations to each constituent acyl chain for a mixture of isomeric TAGs. Hence, we have listed double bond location patterns and their amount in % in the result tables ( Table 2 , SI-8). One future strategy may involve the fragmentation of ionized TAGs via CID, and subsequent EIEIO of the fatty acid fragments to determine double bond position.
Identifying TAGs in natural lipid samples
With an optimized DMS-EIEIO workflow in place, combined with data deconvolution strategies, and an understanding of our method's limitations, we characterized several natural lipid extracts and edible oils. For brevity, we focused on the analyses of olive oils (8) in the main manuscript, with analyses on other extracts presented in Supplemental Figure S6 -S10.
By comparison, the Portuguese and Greek extra virgin oils we analyzed were only moderately oxidized as shown in Figure 7 (for the Portuguese oil) though the standard olive oil was oxidized (Supplemental Figure S5) . The DMS-EIEIO analyses of these olive oil samples yielded many identified TAG species, as demonstrated by the TAGs identified in the Portuguese oil alone (Table 2) . From the identified TAG profiles, we could calculate the FFA composition ( Figure 7(b) ), which showed that the main FFAs in the standard(Supplemental Figure S5(b) ) and
Portuguese oils (Figure 7(b) ) were consistent each other, as well as the certificate data sheet provided by the vendor of the standard.
Using DMS-EIEIO, we were also able to compare the TAG speciation in both olive and avocado oils (Figure 8 and Supplemental Figure S8 Figure S9 ) (28) . This standard sample was also oxidized strongly. As acyl components, ALA was dominant but GLA was less dominant. Arrangement of acyls was less preferential at any sites.
The example of crude natural sample in animals is the salmon extract (Supplemental Figure S10 ). In its MS spectra, 80 TAG precursors were listed. By applying DMS-EIEIO, 282
TAGs were identified (mixed double bond positions). In the TAGs, 46 species of free FA were included (Supplemental Figure S10 
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